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Abstract. Faraday rotation is a process by which the position angle (PA) of background linearly polarized light

is rotated when passing through an ionized and magnetized medium. The effect is sensitive to the line-of-sight
magnetic field in conjunction with the electron density. This contribution highlights diagnostic possibilities of
inferring the magnetic field (or absence thereof) in and around wind-blown bubbles from the Faraday effect.
Three cases are described as illustrations: a stellar toroidal magnetic field, a shocked interstellar magnetic field,
and an interstellar magnetic field within an ionized bubble.
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Introduction

Astrophysical magnetism is of broad relevance for understanding the state and history of the universe at a variety of
scales, ranging for example from planetary radio emissions
(e.g., Grießmeier et al., 2007; Ignace et al., 2010) to interstellar turbulence (e.g., Brandenburg and Lazarian, 2013). It is
desirable to have a number of diagnostic approaches for measuring magnetism. One important diagnostic is Faraday rotation, the mechanism through which the line-of-sight (LOS)
magnetic field component rotates the position angle (PA) of
linear polarization for a beam of radiation. The amount of PA
rotation is also proportional to the electron density and the
path length through (partially) ionized regions. Additionally,
the PA rotation scales with the square of the wavelength of
radiation λ2 . Most applications measure the polarization PA
for a range of wavelengths to derive the “rotation measure”
(or RM) that encodes information about the integrated product of the LOS field component and electron number density
(e.g., Draine, 2011). The RM is empirically derived from a
logarithmic plot of the polarization PA, ψ, against λ2 ; the
RM will be the slope of the best-fit line, with RM defined as

ψ=

e 3 λ2
2π m2e c4



Z
×

Bk ne dz ≡ RM × λ2 ,

(1)

where λ is the wavelength, Bk is the LOS field component in
an ionized medium of (position-dependent) electron density
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ne , and e, me , and c are fundamental constants in the usual
notation (e.g., Draine, 2011).
Many applications of Faraday rotation are for interstellar
or extragalactic studies (e.g., Carilli and Taylor, 2002; Han
et al., 2006; Beck, 2012). Here emphasis is given to Faraday rotation as a probe of magnetism in and around windblown bubbles. Some recent examples are as follows: Ransom et al. (2008, 2010) have conducted studies of Faraday rotation effects arising from planetary nebulae (PNe).
Interestingly, Strömgren spheres around white dwarfs may
be detectable (e.g., as potentially indicated in Iacobelli et
al., 2013). For massive stars: Savage et al. (2013) report on
an extensive study of Faraday rotation for the Rosette Nebula HII region. Harvey-Smith et al. (2010) have discovered
anti-symmetric PA rotations across the supernova remnant
(SNR) G296.5 + 10.0, which they ascribe to the stellar magnetic field in the swept-up wind from a progenitor red supergiant phase. Motivated by these observations, the goal
of this contribution is to overview theoretical considerations
and tools for interpreting data pertaining to Faraday rotation
measurements in wind-blown bubbles.
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Stellar Magnetism in Wind-Blown Bubbles

Stellar magnetism in wind-blown bubbles
Consider a rotating star with a stellar wind. Now allow the

Consider a rotating
a stellar
Nowkinematical
allow themodel,
star tostar
havewith
a magnetic
field.wind.
A simplified
based onfield.
the WCFields
approach
of Ignace,model,
Cassinelli, &
star to have a magnetic
A simplified
kinematical
Bjorkman approach
(1998), is adopted
in which
to explore
based on the WCFields
of Ignace
et al. (1998),
is robust
65
Faraday-rotation features that may be observable from radio
adopted in which
to explore robust Faraday-rotation features
mapping of the extended stellar wind.
that may be observable
fromthe
radio
of theand
extended
In WCFields
windmapping
is axisymmetric,
the large-scale
stellar wind. magnetic field (of relevance to the Faraday effect) is domiby theistoroidal
component.
Forthe
a stellar
surface magIn WCFields nated
the wind
axisymmetric,
and
large-scale
70
neticrelevance
field initially
strength
B∗ for
a star is
of radius
magnetic field
(of
to ofthe
Faraday
effect)
domi-R∗ , the
asymptotic toroidal magnetic field will scale as
nated by the toroidal component. For a stellar surface magnetic field initially of strength
for a star
 of radius R∗ , the
 B∗ 
vrot
R∗
sinas
ϑ,
(2)
Bϕ (r,magnetic
ϑ) = B∗ field will scale
asymptotic toroidal
v
r
  ∞

R∗
vrot
sin ϑ, of the star, v∞ is the wind
(2) termiBϕ (r, ϑ) = B∗ where ϑ is the co-latitude
nalv∞
speed, and
r vrot is the star’s equatorial rotation speed. Al75

1. False color image of polarization PA (or alternatively,
though not physically self-consistent (see below), for conve-Figure
Fig. 1. False color image of polarization PA (or alternatively, RM)

as projected
projected
onto
for aofmodel
of a windwhere ϑ is thenience
co-latitude
star, v∞asisspherically
the windsymmetric
terthe windofis the
approximated
inRM) as
onto
the the
planeplane
of theof
skythe
forsky
a model
a wind-blown
its density
results
described rotation
here, withspeed.
electron den-blownbubble
bubble
threaded
by a toroidal
stellar magnetic
Here the
minal speed, and
vrot is for
thethe
star’s
equatorial
threaded
by a toroidal
stellar magnetic
field. Here field.
the oppos−2
sity ne ∝ rself-consistent
. The assumption
sphericity
ing colors
(blue,
greengreen
vs yellow,
red) signify
a change
colors
(blue,
vs. yellow,
red)
signifyin apolarity
change in
Although not physically
(seeofbelow),
forhighlights
con- theopposing
influence of the stellar magnetic field on the distribution ofpolarity
of the
field. This
is aThis
simulated
map of the sky
in observer
of magnetic
the magnetic
field.
is a simulated
map
of the sky in
venience the80wind
is approximated as spherically symmetric
x, y x,
coordinates,
normalized
to the maximum
radial extent
of theextent
Faraday rotation across the bubble.
observer
y
coordinates,
normalized
to
the
maximum
radial
in its density for the
results
described
electron
den- topolspherical bubble.
With
spherical
density here,
and thewith
above
3D magnetic
of the spherical bubble.
sity ne ∝ r −2 . The
assumption
of sphericity
highlights
ogy for
a bubble viewed
at an inclination
angle i tothe
the symaxismagnetic
of the field,
the on
rotation
of backgroundoflinearly
influence of themetry
stellar
field
the distribution
Figure 1 provides a false-color map of ψbub based on
at a fixed wavelength for a sightline intercept- 105
Faraday rotationpolarized
across light
the bubble.
the preceding
equation.
is sensitive
to the
net polarity
of the
field: Faraday
the PArotation
rotation
is counterclock85
ing the bubble is given by
With spherical density and the above 3-D magnetic topolnet
polarity
of
the
field:
the
PA
rotation
is
counterclockwise
wise (RM > 0) when the field is pointed toward the observer,
ogy for a bubble viewed at an inclination
i to the sym(RM > 0) when the field is pointed toward the observer,

  angle
  R 2
and clockwise
(RM < 0) when opposite. The left-right antiR
y
∗ of background
∗
and clockwise (RM < 0) when opposite. The left-right antimetry axis of the
field,
the
rotation
linearly
ψbub (x, y) = −2π
sin i
symmetry
displayed
inin Fig.
this
fact.
Harveyzbub
̟
̟
110
symmetry
displayed
Figure11highlights
highlights this
fact.
Harveypolarized light at a fixed wavelength
for a sightlineintercept
SmithSmith
et al.et(2010)
used
a similar
such an
al. (2010)
used
a similarmodel
model to
to interpret
interpret such
1
π θ0
ing the bubble is given by ×
(3)
+ sin 2θ0 ,
−
an antisymmetry
observed
a SN
remnant.Note
Note that
that for
antisymmetry
observed
in ainSN
remnant.
for the
4
2
4

    2
the adopted
model,
the morphology
is independent
of
theviewadopted
model,
the
morphology
is
independent
of
the
R
y
R
∗
∗
a Cartesian coordinate systemsin
(x,iy, z) is introduced,
viewing inclination angle, which appears in the solution only
ψbub (x, y) = Here
−2π
inclination
angle, which appears in the solution only as
with z the zobserver
line-of-sight,
$
$ and x and y in the planeing
bub
115
as a factor to govern the amplitude for the PA rotation (al
to
govern
the
for the PA
(alterna90
of the
sky, with xalong the projected
symmetry axis de-a factor
ternatively,
the
scaleamplitude
of RM). Although
thererotation
are ways
to
π θ0
1
fined
and
2θthen
× by the−toroidal+field,sin
(3)param-tively,improve
the scale
of RM).
there areallowing
ways tofor
improve
on this
simpleAlthough
model (specifically,
a
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Fig. 2. Illustration of the variation of RM with impact parameter across a wind-blown bubble using the Whiting et al. (2009) approach (c.f.,
Figure 2. Illustration of the variation of RM with impact paramFigs. 8 and 9 of Savage et al. 2013). Left shows the RM for different shock strengths ζ assuming the inner radius R = 0. Right shows theu ≥ 0. The critical angle θc is sin θc = R1 /R2 . For θ < θc , a
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Interstellar magnetism in an ionized bubble

As a final example, consider a spherical bubble in which
the only effect is that the region is more ionized, relative
to the local interstellar gas, by the central UV-bright star.
In this case there is no interaction with a stellar wind over
most of the ionized bubble, and the gas is permeated solely
by the pre-existing interstellar magnetic field. Generally, the
gas is turbulent. Often the field is conveniently approximated as consisting of two components: a globally uniform
component and a locally random one.
It is interesting first to consider a purely uniform field in
the ionized bubble. This field everywhere has the same LOS
component toward the observer. However, sightlines through
the spherical bubbleqdepend on the impact parameter, with

2 − $ 2 . For a constant density, the
path length 1z = 2 Rbub
effect of the bubble for PA rotations is a function of path
length only, with ψbub ∝ 1z. If one were to produce a map
of polarization PA, it would be seen to be centro-symmetric.
One could construct a histogram of the incidence of ψ values
as a function of impact parameter. Theoretically, for constant
density and a uniform field, one expects the incidence of different PA rotations across the bubble (dN /dψ)bub to be




d$
dN
∝$
∝ ψbub .
(6)
dψ bub
dψ bub

Consequently, a histogram for the incidence of ψbub values
is linear in ψbub itself.
This is important because it means that deviations from
linearity in such a construction, which is a rather convenient
one for observers to make, imply a deviation from one or
more of the underlying assumptions. In the case of a bubble that is not perfectly spherical in shape, one might produce a mild alteration to the linear distribution dN /ψ expected from exact sphericity. Something similar would result
if the field were not perfectly uniform, but slowly varying in
strength or direction throughout the bubble volume. On the
other hand, stochastic variations in density and/or the magnetic field (in strength or direction) could produce sharp features in the distribution or perhaps increase the dispersion in
histogram values. A histogram of the PA measures (or RM
values) represents a moment of the data, and may be used
constructively in conjunction with the image itself to aid in
the interpretation of polarimetric imaging data in and around
ionized bubbles.
3

Conclusions

There are opportunities for exploring stellar and interstellar
magnetism in the vicinity of wind-blown bubbles. One can
think of the bubbles as perturbations that modify the Faraday
rotation for sightlines that intercept a bubble as compared to
neighboring sightlines that do not, leading to a RM anomaly,
a term introduced by Whiting et al. (2009). By comparASTRA Proc., 1, 1–5, 2014

ing the observed variations in the PA of the diffuse emission across a bubble to models surrounding ISM (e.g., magnetic field geometry, electron distribution, shock strength)
can be extracted. Since PAs (or likewise RMs) are obtained
by comparing sightlines on and off the source, mapping at
just one wavelength is sufficient for thi strategy. On the other
hand, some studies, like that of the Rosette by Savage et
al. (2013), make use of distant polarized point sources to
map out Faraday rotation across a bubble in a “buckshot” approach. This can be advantageous if the diffuse background is
non-uniform, but requires mapping at multiple wavelengths,
since the unrotated PAs of the distant unrelated and independent sources are not known. Although analysis for Faraday
rotation can be challenging, the underlying physics provides
tremendous diagnostic potential for studying the environments of circumstellar and interstellar magnetized plasmas.
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